The production of sediments by carbonate-producing ecosystems is an important input for beach sediment budgets in coastal areas where no terrigenous input occurs. Calcifying organisms are a major source of bioclastic carbonate sediment for coastal systems. Increased levels of CO 2 in the atmosphere are leading to an increase in the partial pressure of CO 2 on ocean seawater, causing ocean acidification (OA), with direct consequences for the pH of ocean waters. Most studies of OA focus on its impact on marine ecosystems. The impact of OA on carbonate-producing ecosystems could be to reduce the amount of sediments supplied to temperate coastal systems. The aim of this study was to quantify the effect of the predicted OA on the long-term sediment budget of a temperate Mediterranean mixed carbonate beach and dune system. Based on projections of OA we estimated a fall of about 31% in the present bioclastic carbonate sediment deposition rate, with the biggest decreases seen in the dunes (− 46%). OA is also expected to affect the carbonate sediment reservoirs, increasing the dissolution of CaCO 3 and causing net sediment loss from the system (~50,000 t century −1 ). In the long-term, OA could also play a primary role in the response of these systems to sea-level rise. Indeed, the reduction in the quantity of carbonate sediments provided to the system may affect the speed with which the system is able to adapt to sea-level rise, by increasing wave run-up, and may promote erosion of dunes and subaerial beaches.
Introduction
In coastal areas, where little or no sediment is delivered by rivers from the land to the inner shelf, marine sources of sediment are key factors in the maintenance of the coastal system, and dune system studied is located along the western Mediterranean Sea. The effect of OA on the sediment budget was calculated by assessing the reduction in marine bioclastic sediment supply arising from the projected reduction in the pH of marine water. Specifically, the estimated fall in the sediment budget took account of the decreased activity of calcifying algae, echinoids and bryozoans. The novelty of the study is that our computation of the budget of a temperate beach-dune system included the variable of sedimentation decrease due to the declining abundance of calcifying algae, echinoids and bryozoans. The proposed model on the future evolution of the system was also considered in relation to the increase in CaCO 3 sediment dissolution and the adaptation of the beach-dune system to a future sea-level rise (SLR) (until 2100). The data originate from previously published research by De Falco et al. (2017) and were further elaborated to estimate the impact of OA on sediment budgets of temperate beach.
Impact of OA on carbonate-producing organisms
The majority of studies on OA conducted to date have focussed on its impact on marine ecosystems (Koch et al. 2013) . OA poses a risk to marine species worldwide, and forecasting the ecological impacts of acidification is a high priority. Indeed, ecological impacts of OA is widely debated. However, although responses to OA may vary among taxonomic groups depending on their sensitivity (Hendrix et al. 2015) , the scientific community is in general agreement that calcifying organisms may be the most severely impacted taxonomic group .
Weakening of calcified structures and reduced calcification due to OA are expected and have been documented (Basso 2012; Gattuso et al. 2015) . Several studies (HallSpencer et al. 2008; Martin et al. 2008; Donnarumma et al. 2014; Cox et al. 2015) have demonstrated the negative impact of OA on calcifying algae. Many of these studies have sought to simulate the effects of OA on the epiphytic assemblages of P. oceanica leaves, with some having simulated the effect of OA by using natural gradients of pH values in the vicinity of CO 2 vents Donnarumma et al. 2014 ) and others having used controlled laboratory environments (Cox et al. 2015) . In both cases, a fall in pH from the current value (pH 8.1) to an acidified value (pH 7.6-7.7) was found to result in a drastic reduction (> 50%) in the leaf coverage of calcifying epiphytes in general and encrusting calcareous algae in particular. The impact of OA on calcifying organisms, described in peer-reviewed studies conducted in the field in the Mediterranean Sea or in acidified aquaria along decreasing pH gradients, is summarised in Electronic Supplementary Material (ESM) Table 1 and related references. The results of those studies show that acidification has a major impact on the epiphytic compartment of P. oceanica meadows and on rocky algal communities.
Recently, the effect of acidification on Mediterranean benthic organisms was estimated in a meta-analysis of 41 published papers carried out by Zunino et al. (2017) . In this metaanalysis, the authors considered a sequence of experiments, both in situ and in the laboratory, to investigate the impact of OA on Mediterranean benthic organisms. A decrease of about 79% in the abundance of calcifying algae was found to result from a reduction of pH to 7.7. In this same review, with reference to a number of studies conducted in the Mediterranean Sea, Zunino et al. (2017) quantified the decrease in the abundance of echinoids resulting from a drop in pH of about 0.4 units, again finding a reduction of about 79%.
Studies conducted on several species of bryozoans in the Mediterranean Sea have shown that a fall in the pH of seawater is expected to lower the growth rate of bryozoan colonies (Lombardi et al. 2011 (Lombardi et al. , 2015 . Moreover, experiments conducted along a natural pH gradient (from 8.1 to 7.7) located along CO 2 vents showed a reduction of about 50% in the abundance of bryozoans in response to a decrease in pH of about 0.4 units with respect to the present value .
The study by Zunino et al. (2017) does not however indicate a clear impact (scenario 2100, pH decrease of about 0.4 units compared to present values) on abundance, calcification, growth or survival among molluscs.
Study site
The study area is located in the Bay of San Giovanni (Sinis Peninsula), western Sardinia (western Mediterranean); the bay is about 4 km wide (Fig. 1) .
San Giovanni Bay has been studied since the early 2000s in order to determine trends in the shoreline and beach morphology, the distribution of biogenic carbonate and siliciclastic Fig. 1 Geomorphological map of the study area showing the location of sampling points along the Sinis Peninsula in the Bay of San Giovanni and distribution of Posidonia oceanica meadows growing on hard ground and sedimentary substrates sediments and the morphodynamic state of the beach and references cited therein). This system can be seen as a model for mixed and carbonate temperate beaches because it is far from any inland sources of terrigenous sediments and the major sources of sediment are the carbonate-producing ecosystems (P. oceanica meadows and shallow rocky outcrops covered by photophilic algae) located on the inner continental shelf .
De subdivided the system into three compartments: dunes, subaerial beach and coastal wedge (Fig. 1) . Bioclastic sands predominate in the dunes and coastal wedge sediments (CaCO 3 75 ± 12% and 67 ± 11% respectively), whereas the subaerial beach sediments are mixed (CaCO 3 44 ± 18%) . The various datasets are available from De Falco et al. (2017) and the ESM (see http://sk.oristano.iamc.cnr.it/maps/285).
Methods

Sediment sampling and analyses
De estimated the sediment volumes of each compartment in the San Giovanni System (dunes, subaerial beach and coastal wedge), the percentage of each compartment accounted for by modern carbonate sediment and the taxonomic groups that compose the sediment. In their study, 15, 11 and 26 sediment samples were taken from the dunes, subaerial beach and coastal wedge, respectively (Fig. 1) . The marine sediments were collected using a Van Veen grab and the subaerial sediments were collected using a manual corer (for more details, see De Falco et al. 2017) .
A stereomicroscope and a polarising microscope were used to analyse samples and thin sections, respectively. Statistical analysis of petrographic data was based on pointcounting (Flügel 1982) . The particles were classified into bioclastic and non-bioclastic components. Bioclastic particles are made up of calcite and micrite particles derived from six taxonomic groups: molluscs, calcareous algae, benthic foraminifers, echinoids, bryozoans and brachiopods (ESM S2 in De Falco et al. 2017) . The sediments consist of material currently being produced and deposited in the basin (Holocene), as well as elements deposited in the past. De Falco et al. (2017) classified the former as modern bioclastic grains (MBGs) and the latter as relict grains. In the present study we focused on the MBGs, estimating the proportion accounted for by the various taxonomic groups and quantifying the mass of each taxonomic group in each compartment of the system.
MBGs originate from carbonate-producing ecosystems in the infralittoral zone. Some of them show (1) lack of brightness, (2) rounding of skeletal edges and (3) lack of well-defined fine-scale skeletal surface structures. Some of the grains are also bioclasts that show little or no sign of alteration or reworking. Six MBG samples were radiocarbon dated, and their age was found to range between 4500 and 645 calibrated years BP.
In this study the abundances of each taxonomic group in the bioclastic grains of the San Giovanni beach and dune system are represented on contour maps drawn using the BSurferŜ urface Mapping System (Golden Software LLC, Golden, CO, USA). Surfer is most commonly used system to create a grid-based map from an XYZ data file. The interpolation algorithm used was point kriging, which estimates the values of the points at the grid nodes.
MBG sediment budget model and impact of OA
Quantification of the sediment mass and MBGs (as a percentage of the total and mass) in the San Giovanni beach-dune system is shown in Table 1 . The deposition rate of MBGs was also calculated, as the total mass deposited on the system over the time span of sediment deposition.
The MBG sediment deposition rate was~7000 ± 1000 t century −1 on dunes,~300 ± 100 t century −1 on the subaerial beach and~38,000 ± 5000 t century −1 on the coastal wedge .
In this study we estimated the contribution of each taxonomic group to the MBGs (and hence to the sediment budget) in each compartment of the coastal system. The contribution of the different taxonomic groups allowed us to evaluate the impact of OA on sediment budgets in relation to a realistic scenario for the Mediterranean Sea (year 2100; Zunino et al. 2017 ). The evaluation was based on the assumption that a decrease in the pH of seawater will affect the abundance of each taxonomic group that composes the MBG sediments. Consequently, the overall decrease will affect the MBG deposition rate in the San Giovanni System.
The distribution of MBGs in each compartment was calculated together with the mass of sediment produced by each taxonomic group for each compartment:
where M tax.group is the mass of MBGs (t) accounted for by each of the six taxonomic groups in each compartment, M comp is the total mass of MBGs (t) in each compartment and % tax.group is the percentage of each compartment accounted for by each taxonomic group. The sediment deposition rate was then estimated for each taxonomic group in each compartment:
where Dr tax.group is the deposition rate (t century −1 ) of each taxonomic group in each compartment, and T dep is the time of deposition (43 centuries). These data allowed us to establish the total MBG deposition rate as:
The impact of OA on the sediment budget of the San Giovanni system was then simulated. We assumed that in carbonate-producing ecosystems, OA mainly affects the abundance of calcifying algae, echinoids and bryozoans. Consequently, we estimated the decrease in the contribution of the aforementioned taxonomic groups to MBGs in relation to the OA envisaged for the Mediterranean Sea (pH of about 0.4 below present value in 2100), taking into consideration that the projected decrease in the abundance of calcifying algae and echinoids calculated by Zunino et al. (2017) for the Mediterranean Sea is 79% and considering a decrease in the growth and abundance of bryozoans of about 50%.
Consequently, we evaluated an equivalent reduction in the deposition rate of the sediment produced by calcifying algae, echinoids and bryozoans in an acidified scenario: where Tot Dr acid is the total deposition rate in the acidified scenario (pH from 8.1 to 7.7).
Results
Distribution of MBGs in system compartments
The mass of sediment produced by each taxonomic group for each compartment is shown in Table 2 . In general, molluscs and calcifying algae were the most important taxonomic groups contributing to MBGs as a whole (673,000 and 519,000 t, respectively). In the dunes, calcifying algae were the most abundant group (130,000 t), followed by molluscs (55,000 t). In contrast, the contribution of molluscs to the coastal wedge sediment mass was about double that of calcifying algae (615,000 vs. 382,000 t, respectively). In the same compartment, the other taxonomic groups showed lower abundances: 250,000 t for bryozoans, 200,000 t for benthic foraminifera, 116,000 t for echinoids and 100,000 t for brachiopods.
Spatial distribution maps of the percentages accounted for by the various taxonomic groups were drawn to assess the importance of each group to the sediment budget of each compartment (Fig. 2) .
In each compartment, the MBGs were mainly composed of molluscs and calcifying algae. Molluscs were most abundant in the coastal wedge, where this taxonomic group accounted for ≥ 40% of MBGs in some cases. In the dunes and the subaerial beach, molluscs were less abundant, and calcifying algae (≥ 40%) were the most abundant taxonomic group. Among the other taxonomic groups, benthic foraminifera, echinoids and brachiopods reached their maximum percentages (~20%) in the coastal wedge, while the maximum percentage of bryozoans (~30%) was recorded in the subaerial beach and dunes. 21,000 ± 3000 27,000 ± 3800 38,000 ± 5200
14,000 ± 2000
Subaerial beach 14,000 ± 5000 3000 ± 1000 7000 ± 2500 1000 ± 400 1000 ± 400 2000 ± 800 0
Coastal wedge 1,663,000 ± 160,000 615,000 ± 61,000 382,000 ± 38,000 200,000 ± 20,000
116,000 ± 12,000 100,000 ± 10,000 250,000 ± 25,000
Total 1,961,000 ± 205,000 673,000 ± 74,000 519,000 ± 57,100 222,000 ± 24,400
144,000 ± 15,800 140,000 ± 15,400 264,000 ± 29,000
Values in 
Effects of OA on the carbonate sediment budget
The deposition rate (t century −1 ) of carbonate derived from each taxonomic group in each compartment is shown in Table 3 . The projected deposition rates for calcifying algae, echinoids and bryozoans in acidified seawater conditions are also shown. The reduction of Dunes~6600 (± 14%)~3500~1300 (± 14%)~3000 (± 14%)~600~500 (± 14%)~600 (± 14%)~100~900 (± 14%)~300 (± 14%)~200
Subaerial beach~300 (± 35%)~200~100 (± 35%)~200 (± 35%)~0~0 (± 35%)~0( ± 35%)~0~0( ± 35%)~0~0 Coastal wedge~39,000 (± 10%)~27,000~14,500 (± 10%)~9000 (± 10%)~2000~4 500 (± 10%)~2500 (± 10%)~500~2500 (± 10%)~6000 (± 10%)~3000 Total~46,000~31,000~15,900~12,200~2600~5000~3100~600~3400~6300~3200
Underlined values are the predicted values for calcifying algae, echinoids and bryozoan sediment deposition rates in response to a decrease in pH a Dr tax.group refers to the deposition rate of each taxonomic group about 15,000 t century −1 in the deposition rate is equivalent to 32% of the present rate (approx. 46,000 t century −1 ). A decrease of about 46% (from~6600 to 3500 t century −1 ) was estimated for the dunes and of about 33% for the subaerial beach (from 300 to 200 t century −1 ). In comparison, the deposition rate on the coastal wedge was estimated to fall by about 31% (from 39,000 to~27,000 t century −1 ). The difference between the reductions in the three compartments' deposition rates was related to their initial sediment composition. Indeed, in the dunes and subaerial beach, bioclasts produced by calcifying algae were more abundant than those of the other taxonomic groups (see Fig. 2a-e) .
Discussion
In our study we make the first attempt to evaluate the effect of OA on the sediment budget of a temperate mixed carbonate-based beach-dune system. The impact of OA on the carbonate sediment budget was estimated with reference to the falling sediment deposition rates resulting from the projected decrease in the abundances of calcifying algae, echinoids and bryozoans caused by OA (considering a 2100 scenario with a drop in pH of about 0.4). In the Mediterranean Sea, significant fractions of the carbonate sediments provided by marine ecosystems to the coastal area originate from the aforementioned taxonomic groups. These taxonomic groups represent a significant proportion of the epiphytes of P. oceanica leaves and extensively colonise shallow rocky outcrops in the upper shoreface (Canals and Ballesteros 1997; Cebrian et al. 2000; Piazzi et al. 2016) . Several experiments have demonstrated that a reduction in pH from 8.1 to 7.7 produces a drastic reduction in the abundances of the above-mentioned taxonomic groups Asnaghi et al. 2013; Cox et al. 2015) . Recently, Zunino et al. (2017) estimated this reduction in the abundances of calcifying algae and echinoids to be about 79%. Other studies Lombardi et al. 2011 Lombardi et al. , 2015 have shown that bryozoan growth can be reduced by about 50% in response to a drop in pH of about 0.4 units with respect to the present pH value. We assumed that such declines in these taxonomic groups would reduce the sediment deposition rate by the same magnitude, although our approach could actually be considered to be conservative. Indeed, when estimating the total deposition rate of MBGs in the acidified scenario we did not consider the negative impact that OA could have on the abundance, survival or calcification of several other taxonomic groups, such as molluscs. However, the study of Zunino et al. (2017) does not indicate a clear evident impact of OA on the abundance, calcification, growth or survival of molluscs, and for this reason we did not include any reduction in the deposition rate for this taxonomic group in our calculations. Moreover, from the literature data it is not completely clear whether acidification will involve a decrease in the abundance of this taxonomic group (Kroeker et al. 2013 ).
In the San Giovanni beach-dune system, the current total MBG deposition rate is about 46,000 t century −1 (calculated for a time span of 43 centuries):~7000 t century −1 on the dunes; 300 t century −1 on the subaerial beach and~39,000 t century −1 on the coastal wedge. Assuming the acidified scenario proposed by Zunino et al. (2017) to be a good estimate, the total deposition rate may decrease by~33% (from~46,000 to 31,000 t century −1 ):~46% on the dunes (from 6600 to 3500 t century −1 ),~33% on the subaerial beach (from 300 to 200 t century −1 ) and~31% on the coastal wedge (from 39,000 to 27,000 t century −1 ). The different percentages reflect the different distribution of bioclastic fragments produced by calcifying algae, echinoids and bryozoans on the dunes, subaerial beach and coastal wedge (Fig. 2b) .
In the Mediterranean Sea, the material produced in carbonate-producing ecosystems is of primary importance for beach and dune sediment budgets (Gómez-Pujol et al. 2013; De Falco et al. 2014) . In addition, studies conducted on coral reef and atolls have demonstrated that an increase in pCO 2 on seawater is expected to cause CaCO 3 sediment dissolution, which seems to be one of the main impacts of OA on sediment reservoirs (Anderson et al. 2007; Eyre et al. 2014; Cyronak and Eyre 2016) . Although carbonate sediments represent very important reservoirs for Mediterranean coastal systems, to date the potential impact of OA on sediment carbonate reservoirs, in terms of sediment dissolution, have not been investigated in this area.
Given that the coastal wedge (which can be considered a carbonate reservoir for the San Giovanni system) has a total surface area of about 2 × 10 6 m 2 , and considering the dissolution rate of coral reef sediments (~0.2-0.4 kg m −2 y −1 , Eyre et al. 2014 Eyre et al. , 2018 , the projected rise in pCO 2 on seawater by 2100 can be expected to cause a maximum total dissolution rate of about 80,000 t century −1 .
The San Giovanni beach-dune system can be considered a model for the simulation of the impact of OA on carbonate sediment budgets in temperate environments. In this environment, the reduction in bioclastic sediment is expected to affect the sediment budgets and morphodynamic behaviours of the subaerial beach and dunes. Furthermore, the decreasing quantity of sediment delivered to the coastal system by carbonate producers could be amplified by local and global anthropogenic impacts. The decrease in sediment supply may also affect the adaptation of these systems to SLR. Indeed, the rate of sediment supply is one of the main factors that determine the response of beach-dune systems to SLR (Short 1999) . Figure 3 shows a schematic model of the response of a beach-dune system under the combined effects of OA (reduction of the sediment deposition rate) and SLR (shoreline retreat and a higher run-up).
The reduction of bioclastic sediment input (from 46,000 to 31,000 t century −1 ) due to OA can weaken the system because a smaller quantity of sediment will be delivered from the carbonate-producing ecosystems to each compartment (Fig. 3a, b) . This could amplify the effects of the expected SLR. In our study area, SLR was estimated to be 0.5 -1.3 m by the end of this century (Antonioli et al. 2017) . This may entail shoreline retreat and a higher maximum wave run-up that will cause massive dune and beach erosion (Fig. 3c) . At the present time, during the most intense storms, the maximum run-up in the San Giovanni system ranges between 3 and 4 m. This causes marked dune and beach erosion, with a beach recovery time of about 1 year . Hence, taking SLR into account, the higher maximum runup will cause more severe erosion of the dunes and subaerial beach, leading to a transfer of sediment from the beach-dune system towards the coastal wedge (Fig. 3c) . This process could be strongly enhanced by dissolution of CaCO 3 in the sediments of the coastal wedge. In a system such as San Giovanni, the dissolution of CaCO 3 in the coastal wedge can affect the sediment budget of the system as a whole since it leads to losses of sediment. The sediment budget is the result of the combination of sediment gains and sediment losses within a coastal cell (Rosati 2005) . In the case of San Giovanni, the predicted long-term sediment gains were represented by the MBGs delivered to the system from carbonate-producing ecosystems (4 6,000 t century −1 ), whereas the sediment losses were assumed to be due to the effects of OA, both on the taxonomic groups (with a reduction of the total deposition rate to 31,000 t century −1 ) (Fig. 3b) and on the carbonate sediment deposits of the coastal wedge (with a dissolution rate of about 80,000 t century −1 ) (Fig. 3c) . The combined effects of the reduction of the deposition rate and the dissolution of coastal wedge sediments may lead to a deficit in the MBG sediment budget by 2100, with an estimated net rate of sediment loss of about 50,000 t century −1 (Fig. 3c) . This can strongly influence the adaptation and response of this coastal system to the expected SLR. Specifically, large amounts of sediment are expected to be transported from the dunes and subaerial beach towards the coastal wedge to compensate for the dissolution of carbonate sediment that may occur in the latter compartment as a response to OA (Fig. 3c) .
Lastly, in the long term, OA could play a primary role in controlling the response of this system to SLR in terms of the availability of sediment. Indeed, the dwindling supply of carbonate sediments to the system may affect the time required by the system to adapt to SLR more heavily than a coastal system where sediment supply is mainly composed of terrigenous sediment provided by rivers or other terrigenous sediment sources. Fig. 3 Evolutionary model of the San Giovanni beach-dune system from the present to 2100. a Current conditions. Light-blue arrow indicates maximum run-up; green box, carbonate sediment gain for the San Giovanni system. b Effect of acidification on the carbonate sediment budget. The values in brackets are the estimated falls in deposition rates. Green box indicates the estimated carbonate sediment gain for the San Giovanni system under the acidified scenario. c Sea-level rise (S.L.R.) and effect of acidification combined. Light-blue arrow indicates maximum run-up under current conditions; dark-blue arrow, maximum run-up with the expected SLR; dotted light-blue line, present sea level; dark-blue line, sea-level forecast for 2100; dashed black line, schematic representation of the seafloor under current conditions; brown line, schematic representation of seafloor in the case of calcium carbonate (CaCO 3 ) sediment dissolution; large red arrow, effect of carbonate dissolution; red box, carbonate sediment losses for the San Giovanni system estimated under the acidified scenario, considering the impact on both deposition rates and carbonate sediment deposits. Tot Dr. Total deposition rate
Conclusions
The main considerations regarding the effects of OA on shallow coastal sites to emerge from this study are the following:
1. In our study we attempt to evaluate the effect of OA on the sediment budget of a temperate mixed beach-dune system for the first time. 2. OA can affect the production of MBGs by carbonate-producing ecosystems and, consequently, the deposition rate of biogenic carbonate sediments delivered to the adjacent beach. We estimated a decrease in the supply of sediment to the beach-dune system (the MGB deposition rate) of~33% (from 46,000 to 31,000 t century −1 ). 3. The reduction in the MBG deposition rate was calculated by simulating the effects of OA on carbonate-producing taxonomic groups which are believed to be affected by OA based on our current state of knowledge. These groups include calcifying algae, echinoids and bryozoans. The lower deposition rate arising from the decrease in these calcifying organisms will affect the dunes (from~6600 to~3500 t century −1 , a loss of4 6%), the subaerial beach (from~300 to~200 t century −1 , a loss of~33%) and the coastal wedge (from~39,000 to~27,000 t century −1 , a loss of~31%). 4. By 2100 the San Giovanni system could be experiencing a negative sediment budget, enhanced by the dissolution of the carbonate sediment deposits of the coastal wedge as an additional result of OA. The net carbonate sediment losses could amount to~50,000 t century −1 . 5. The decrease in sediment supply, as well as the shrinking of the carbonate-producing ecosystems caused by local and global anthropogenic impact, can affect the speed at which this system adapts to SLR, which is expected to lead to an increase in wave run-up and possibly intensify dune and beach erosion and shoreline retreat. Furthermore, the system's response to SLR might be dramatically affected by the sediment losses resulting from increased dissolution of sediment carbonate. Indeed, a large amount of sediments could be transferred from the dunes to the coastal wedge to compensate for the loss of sediment from this compartment, intensifying coastal erosion and dune retreat and triggering positive feedback.
